Abstract
Introduction

54
Many cell-and virus-encoded microRNAs (miRNAs) regulate the expression of mRNAs by addition, deadenylation at the 3' of the mRNA, followed by decapping and 5' to 3' degradation of 60 the mRNA greatly increases its turnover [1, 2] .
61
The growth of hepatitis C virus (HCV), a member of the flaviviridae, is dependent on the 62 most abundant miRNA in the liver, miR-122 [3] . In the liver, miR-122 is known to be crucial for 63 upregulation of cholesterol metabolism [4, 5] . In the HCV genome, we discovered two binding 64 sites for miR-122 at the 5' proximal end of the viral RNA [3] . Occupancy of both sites by miR-65 122 is required for the maintenance of viral RNA abundance in infected liver cells [3, [6] [7] [8] 
90
reduction in viral serum titers. While the majority of the patients cleared the infection, several 91 subjects in both studies experienced a virologic rebound several weeks after anti-miR treatment 92 [18, 19] . Sequence analysis of viral RNAs obtained from serum of several of those patients 93 revealed a resistance-associated substitution of a uridine for a cytidine nucleotide 3 (C3U) [17, 94 18] . The goal of the present study was to examine whether the C3U mutation truly confers 95 resistance to miR-122 anti-miRs and to determine the mechanism of any such escape, to 96 provide a basis for investigation whether these variants will compromise clinical treatments. 
110
To test this hypothesis, in vitro-synthesized wild-type and C3U Gaussia luciferase-111 expressing H77S.3/GLuc viral RNAs (Fig 1A) [20] were transfected into Huh7.5 cells that had 
121
To determine whether the C3U mutation acts by increasing the abundance of HCV RNA
122
following miravirsen-mediated sequestration of miR-122, the accumulation of newly synthesized 123 viral RNA was measured by labeling with 5-ethynyl uridine (5-EU), an analog of uridine. Total
124
RNA was isolated and conjugated to biotin in a copper-catalyzed reaction. Newly synthesized
125
RNA was subsequently captured using magnetic streptavidin beads and quantitated by qRT-
126
PCR using HCV-specific primers. While the abundance of wild-type RNA synthesis was reduced 127 6 by ~80% in miravirsen-treated samples, only a 30% reduction was observed in C3U variant 128 samples following miR-122 depletion compared to control miR-106b-LNA treatment (Fig 1C) .
129
To determine whether the binding of miR-122 molecules to the C3U HCV genome plays
130
any role at all in its replication, infectious RNAs were transfected into miR-122 knock-out (Fig 1F) . In sharp contrast, accumulation of the C3U variant was 7 significantly enhanced in the presence of combined wild-type and mut-miR-122 mimetics 154 compared to the presence of either alone (Fig 1F) . Analysis of viral infections by Northern blot 155 analyses (Fig. 1G) 
170
(FFU) measurements after infection of Huh7.5 cells (Fig 2A) . In contrast to wild-type virus-171 infected cells, which reached a maximum of 10 3 FFU/ml, virus yield was ten-fold lower in cells
172
infected with C3U HCV virus (Fig 2A) . Next, viral spread was examined by infecting naïve
173
Huh7.5 cells with wild-type and mutant viruses. Supernatants were collected three days post-
174
infection and quantified by FFU assays. Similarly, to the data shown in Fig. 2A 
196
To examine in detail whether reduced translation or replication contributed to low viral
197
RNA abundances in C3U RNA-transfected cells, we studied the expression of chimeric RNAs,
198
containing GDD-to-AAG mutations in the active site of viral RNA-dependent polymerases NS5B
199
in both wild-type and C3U RNAs. Figure 3D shows that translation of the C3U variant was RNA was distributed in polysomal fractions 9 through 13 in both wild-type-and C3U-transfected 206 samples (Fig S2A,B) . These data suggest that the observed reduced intracellular RNA 
216
HCV RNA was degraded at a slightly slower rate than C3U mutant HCV RNA (Fig 4A) . The 217 approximate half-life of wild-type RNA is 3.2 hours compared to 2.6 hours for the C3U variant
218
( Fig 4A-B) . Although modest, the reduction in RNA stability was statistically significant (Fig 4C) 
219
and could potentially impact the fitness of the C3U virus.
220
Next, the effect of the C3U mutation on the rates of HCV RNA replication were evaluated 221 by labeling cells with 5-EU three days post viral RNA transfection. Total RNA was isolated from 222 cells pulsed for four and seven hours, captured and quantified as previously described. 5-EU-
223
labeling for up to seven hours revealed a significant ~four-fold increase in the accumulation of 224 newly-synthesized wild-type RNA compared to C3U variant RNA (Fig 4D) . This impaired rate of
225
RNA synthesis coupled with a modest, but significant decrease in RNA stability are likely 226 sufficient to explain the reduced fitness of the C3U variant in the liver.
228
Effects of XRN1 depletion on HCV C3U RNA abundance
229
One explanation for the reduced abundance of C3U viral RNA during low abundance of miR- 243 depletion by the same extent (Fig. 5D ). These data suggest that both wild-type and mutant HCV
244
RNA are similarly susceptible to XRN1 attack and that the defect in C3U RNA replication is not 245 increased degradation due to lack of miR-122 binding at site 1.
246
To explore the possibility that differences in miR-122 occupancy in the C3U variant could 247 alter its susceptibility to XRN1 attack further, we tested the stability of the replication defective
248
(GDD-to-AAG) wild-type and mutant HCV RNA synthesized with and without a 5' non- The interaction between the 5' noncoding region of HCV and miR-122 at sites 1 and 2 (Fig. 6A) 
258
extends beyond the canonical base pairing between seed and seed-match sequences [6, 7] .
259
Mutational analysis has shown that base pairing between HCV and miR- 
267
wild-type HCV RNA was incubated with increasing amounts of miR-122 and the resulting 268 complexes were resolved using EMSA. Figure 6B shows that incubation of HCV RNA with 269 different molar equivalents of miR-122 resulted in the gradual formation of a heterotrimeric 270 complex that migrated more slowly than free HCV RNA (Fig. 6B, lane 0) . Incubation of HCV
271
RNA with the neuron-specific miRNA, miR-124, showed no complex formation, demonstrating
272
that the interaction between HCV and miR-122 is specific. Next, we investigated effects of the 273 C3U mutation on the formation of the heterotrimeric complexes. Figure 6C shows that the C3U- 
278
of the trimeric complex (Fig. 6D) . In contrast, formation of a trimolecular complex was observed 279 after incubation of C3U RNA with mut-miR-122 (Fig. 6D ). These result show that mut-miR-122
280
can bind to both site 1 and 2 in C3U RNA, but only to high-affinity site 2 in wild-type RNA.
281
Binding of mut-miR-122 to its target site is mediated by its interaction with the HCV RNA that 
354
Supernatants were stored at -20°C before luciferase assay. 
372
Viral RNA quantification using a Cell-to-Ct q-RT-PCR method 373 3,000 Huh7.5 cells were seeded in quadruplicates in a 96-well plate one day prior to infection.
374
The following day, cells were infected with wild-type and C3U virus at an MOI of 0.005. Six 
